In this study a simple route to preparing photochromic silver nanoparticles in a TiO 2 matrix is presented, which is based upon sputtering and subsequent annealing. The formation of silver nanoparticles with sizes of some tens of nanometers is confirmed by x-ray diffraction and transmission electron microscopy. The inhomogeneously broadened particle-plasmon resonance of the nanoparticle ensemble leads to a broad optical-absorption band, whose spectral profile can be tuned by varying the silver load and the annealing temperature. Multicolor photochromic behavior of this Ag-TiO 2 system upon irradiation with laser light is demonstrated and discussed in terms of a particle-plasmon-assisted electron transfer from the silver nanoparticles to TiO 2 and subsequent trapping by adsorbed molecular oxygen. The electron depletion in the nanoparticles reduces the light absorption at the wavelength of irradiation. A gradual recovery of the absorption band is observed after irradiation, which is explained with a slow thermal release of electrons from the oxygen trapping centers and subsequent capture into the nanoparticles. The recovery can be accelerated by ultraviolet irradiation; the explanation for this observation is that electrons photoexcited in the TiO 2 are captured into the nanoparticles and restore the absorption band.
INTRODUCTION
Photochromic materials reversibly change their color under illumination. They have been suggested for a wide range of applications including information storage 1 and largescale displays. 2 Silver halide photochromic glasses were reported as early as 1964. 3 Two other classes of inorganic photochromic materials have been widely studied: rareearth-doped glasses 4, 5 and thin films of transition-metal oxides. 6, 7 Recently, multicolor photochromism was reported in nanocomposite Ag-TiO 2 films. These films consist of Ag nanoparticles embedded in anatase TiO 2 and were prepared photocatalytically using the sol-gel technique. 8, 9 Here, the photochromic effect relies on reversible spectral hole burning in the particle-plasmon band of the particles. Particle plasmons are collective oscillations of conduction electrons and generally show themselves as pronounced resonances in optical spectra of metal nanoparticles. The photochromic effect adds an interesting new aspect to the rich optical behavior known from Ag nanoparticles and clusters, such as light scattering and absorption, 10 nonlinear signal enhancement, 11 electroluminescence, 12 and photoactivated fluorescence. 13 The anatase phase of TiO 2 is a well-known photocatalytic material; it is chemically stable and optically transparent.
14 Chemical, such as sol gel, 15, 16 and physical, such as ion implantation and cosputtering, [17] [18] [19] techniques have been used to deposit noble metals in TiO 2 for various applications.
Naoi et al. 9 have suggested several applications, including rewritable or electronic paper, for the photochromic Ag-TiO 2 films, once they can be easily prepared and applied to large areas. These requirements are typically best met by films deposited using magnetron sputtering. Films obtained by magnetron sputtering are used for a wide range of applications. 20 In this paper, we report on magnetronsputtered Ag-TiO 2 films with photochromic functionalities. Ag nanoparticles are formed in a TiO 2 matrix by sequentially sputtering from Ag and Ti targets and annealing the resulting films. The Ag particles that are formed during the thermal treatment are characterized using x-ray diffraction and transmission electron microscopy. The particles, whose sizes are some tens of nanometers, lead to a broad optical-absorption band across the visible range. The mechanisms of photochromic changes in response to visible and ultraviolet light are studied. Spectral holes are burned into the absorption band by irradiation with laser light of different wavelengths. The spectral hole burning is discussed in terms of plasmonassisted electron transfer from the silver nanoparticles into the TiO 2 conduction band and electron trapping by adsorbed molecular oxygen, resulting in an electron depletion in the nanoparticles. The spectral hole can be removed by capture of electrons from the TiO 2 conduction band into the nanoparticles.
EXPERIMENT
Ag-TiO 2 nanocomposite films were deposited on glass, silicon, and quartz substrates by direct current ͑dc͒ magnetron sputtering. In a first step, an amorphous TiO 2 layer was deposited by sputtering a Ti target at a constant pressure of 1 Pa and a cathode current of 900 mA in an oxygen-argon atmosphere. Then a Ag target was sputtered in a pure-argon atmosphere at a total pressure of 0.8 Pa and a cathode current of 170 mA. The amount of silver sputtered was varied between film thickness equivalents of 6 and 15 nm; these film thickness equivalents were determined by sputtering directly onto a glass substrate under otherwise identical conditions and measuring the thickness of the resulting Ag film using x-ray reflectometry. Subsequently, a second TiO 2 layer was sputtered under the conditions given above. All the sputtering processes took place at a background pressure of 10 −6 mbar. Unless stated otherwise, the total TiO 2 film thickness sputtered was 60 nm. For comparison, we also prepared pure TiO 2 films under identical conditions.
The Ag-TiO 2 films deposited on glass and quartz were subjected to x-ray diffraction ͑XRD͒ and optical characterization, respectively. The films were then heated to various temperatures at a heating rate of approximately 10°C/min in an argon atmosphere; they were subsequently annealed for 1 h at this temperature. Grazing incidence x-ray diffraction ͑ = 1.542 Å͒ analysis was performed to determine the structure of the films. Transmission electron microscopy ͑TEM͒ was employed on Ag-TiO 2 films deposited on Si substrates to confirm the formation of Ag nanoparticles in the TiO 2 matrix and to determine the lateral size of these nanoparticles. For the optical characterization of the films, transmittance and reflectance were measured before and after laser irradiation. Spots with areas of 3 -5 mm 2 were irradiated using a blue-green Argon-ion laser ͑ = 488 nm͒, a green neodymium-doped yttrium vanadate ͑Nd: YVO 4 ͒ laser ͑ = 532 nm͒, and a red helium-neon laser ͑ = 633 nm͒ in ambient air in a dark room. The optical transmittance T͑͒ and reflectance R͑͒ of the illuminated spots were determined immediately after laser illumination. The absorptance A͑͒ of the spots was calculated using the relation 21 A͑͒ =1 − T͑͒ − R͑͒. These spots were optionally illuminated with light from an ultraviolet lamp ͑Hanau Fluotest, = 365 nm͒.
RESULTS AND DISCUSSION

Nanoparticle formation
The grazing incidence XRD scans of the nanocomposite films ͑Fig. 1͒ illustrate the state of the silver in the various stages of film treatment. The lowest graph shows the XRD scan performed on the as-deposited sample. The only prominent feature is the broad shoulder around 26°corresponding to the amorphous TiO 2 matrix. Apparently, the silver present inside the system is finely dispersed in the amorphous TiO 2 matrix. In contrast, Ag peaks are clearly visible in the XRD scan ͑not shown here͒ of a sample with no second TiO 2 layer sputtered on top of the silver. It has been shown recently 22 that during reactive magnetron sputtering of transition-metal oxides, energetic oxygen ions with sufficient energy for structural modification of the growing film are present. We therefore suggest that the dispersion of the Ag layer, which is apparent from the XRD scan of the Ag-TiO 2 films, results from the impinging, energetic oxygen ions formed while the second layer of TiO 2 is sputtered. In contrast to as-deposited samples, XRD scans of films annealed at 300 and 500°C show pronounced Ag peaks. Evidently, Ag particles have been formed inside the TiO 2 matrix, driven by the trend to minimize the Ag/ TiO 2 interfacial energy. Figure 2 shows TEM photographs of a sample annealed at 300°C with a silver film thickness equivalent of 13 nm and a total TiO 2 film thickness of 70 nm. In the cross-sectional view ͓Fig. 2͑a͔͒ the silver nanoparticles lined up in the TiO 2 matrix on the silicon substrate are clearly visible. As shown in the top FIG. 1. Grazing incidence x-ray diffraction scans of Ag-TiO 2 films ͑Ag film thickness equivalent: 12 nm͒ and a Ag-free TiO 2 film. In the asdeposited film, no silver peaks are evident, which indicates that the silver is finely dispersed in the amorphous TiO 2 . Upon annealing, silver nanoparticles are formed and peaks ͑Ag͒ can be observed in the XRD profiles. Annealing at 500°C results in the crystallization of the TiO 2 into the anatase phase ͑A͒. Pure TiO 2 ͑top scan͒ films already exhibit anatase peaks ͑A͒ after annealing at 300°C. Incorporated Ag, therefore, delays the crystallization of TiO 2 .
FIG. 2. TEM photographs ͑left: cross-section; right: top view͒ of Ag nanoparticles in amorphous TiO 2 annealed at 300°C. The particles show a broad variety in shape and size, and some facetting.
094305-2
Okumu et al. J. Appl. Phys. 97, 094305 ͑2005͒ view in Fig. 2͑b͒ the particles have a broad size and shape distribution; lateral diameters varying from 10 nm up to 25 nm are estimated from the TEM picture, and the particles are partly facetted. The XRD scan of the sample annealed at 500°C shows another interesting aspect. The additional peaks ͑as compared to the sample annealed at 300°C͒ show that crystallization of the TiO 2 to the anatase phase has taken place. Amorphous TiO 2 without Ag load, sputter deposited under identical conditions, would crystallize in the form of anatase after 1 h of annealing at around 300°C, as shown in the top scan in Fig. 1 ͑cf. Ref. 23͒ . In contrast, crystallization of TiO 2 loaded with Ag is delayed; according to the XRD scans, the films still remain amorphous at an annealing temperature of 450°C ͑not shown here͒, while during annealing at 500°C, crystallization to the anatase phase finally takes place. We understand the delayed crystallization as another indication of the fine dispersion of silver in the amorphous TiO 2 matrix during the sputter process; the presence of silver atoms appears to increase the activation barrier for crystallization. Similar phenomena have also been reported for an incorporation of Fe in TiO 2 ͑Ref. 24͒ and for sol-gelprepared Ag-TiO 2 films. 25 Figure 3 shows optical-absorption spectra for varying annealing temperatures and Ag loads. The data shown in Fig.  3͑a͒ for the as-deposited film show no absorption characteristic of Ag particles and thus confirm the observation made above regarding the absence of such particles. The absorption edge below 400 nm is due to interband transitions in the TiO 2 , which has a band-gap energy of 3.2 eV. For the film annealed at 300°C, a broad absorption band centered at around 550 nm is visible. It is caused by the particleplasmon resonance of the Ag nanoparticles; this resonance is inhomogeneously broadened due to a broad distribution of particle sizes and shapes in the films, and due to possible inhomogeneities in the dielectric environment of the particles. 9 A higher annealing temperature leads to a slight increase in absorptance, presumably due to a growth of particles at the cost of the Ag finely dispersed in the TiO 2 matrix. The maximum of the absorptance spectrum is shifted to larger wavelengths upon annealing at 500°C, presumably due to the particle growth. It is well known that the particleplasmon resonance is a function of particle shape and size 10, 26 and increasing particle size generally leads to a redshift of the resonance position. 27, 28 An alternative explanation of the absorptance shift in terms of a change in the dielectric properties of the matrix cannot apply, since earlier studies 23 have shown that the change in refractive index which the TiO 2 matrix undergoes during the phase transition from the amorphous to the anatase phase is less than 2%. Mie theory 29 calculations for spherical particles show that a change of this order of magnitude would shift the resonance wavelength by only approximately 10 nm. Figure 3͑b͒ shows absorptance spectra for films with various Ag loads annealed at 300°C. At long wavelengths a strong dependence on Ag load ͑as given by the film thickness equivalent͒ is observed. This is consistent with the process of particle formation suggested above. The amount of silver initially present in the system determines the maximum particle size attainable and therefore controls the long-wavelength absorption of the system. Similarly, the annealing temperature controls silver aggregation into nanoparticles. Both parameters together allow the tuning of the absorption properties in the visible range.
Optical properties
Photochromic behavior
In the previous two sections we have demonstrated the formation of Ag nanoparticles in sputter-deposited Ag-TiO 2 nanocomposite films and analyzed the influences of annealing temperature and initial silver amount on the optical properties. In this section, the photochromic behavior is examined.
In Fig. 4 we show the change in absorptance upon laser irradiation at a wavelength of = 488 nm, corresponding to a photon energy of 2.54 eV, and at an irradiation time of 1 h. The power density on the irradiated spots was Ϸ20 mW/ mm 2 . Samples with a Ag load of 12 nm are used for this experiment. The samples were annealed at 500°C FIG. 3 . Absorptance spectra of Ag-TiO 2 films with a Ag load of 13-nm film thickness equivalent, annealed at different temperatures ͑a͒ and of Ag-TiO 2 films with various silver loads annealed at 300°C ͑b͒. The annealed films show a broad absorption band across the visible range caused by the particle-plasmon resonance of the Ag nanoparticles. Increasing the annealing temperature leads to the formation of larger particles absorbing at longer wavelengths. Similarly, the initial amount of silver present in the system allows for tuning the width and height of the absorption in the region between 500 and 800 nm.
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prior to laser irradiation to form a crystalline TiO 2 matrix. As a result of the laser irradiation, a deep minimum is observed in the differential absorptance spectrum at the laser wavelength ͑indicated by the arrow͒. Similar spectral holes are obtained upon laser irradiation at = 532 nm and = 633 nm, respectively ͑not shown͒. The intensity dependence of the spectral hole is examined by irradiating identical samples at various power densities ͑ = 532 nm͒. The irradiation time was 1 min in each case. Figure 5 shows the spectral hole depth ͑given as the maximum change in absorptance with respect to the nonirradiated state͒ for power densities between 1.5 and 47 mW/ mm 2 . The spectral hole depth increases linearly with increasing laser power density, up to a density of 15 mW/ mm 2 . At larger power densities, saturation sets in. After removal of the laser irradiation, the spectral hole gradually disappears on a time scale of several hours up to days at room temperature; the recovery time of the particle-plasmon band appears to depend on the precise preparation conditions of the samples. The recovery can be accelerated by storing the samples at elevated temperatures. Two samples irradiated at = 532 nm and a power density of 7.5 mW/ mm 2 were stored in an oven at 70 and 100°C, respectively. After 1 h, the spectral hole depth of the 70°C sample was reduced by 9% as compared to the state immediately after laser irradiation, while that of the 100°C sample was reduced by 14%.
Spectral hole burning has previously been observed by Ohko et al. 8 on sol-gel Ag-TiO 2 films. They interpreted this photochromic behavior as due to photoinduced electron emission from the Ag nanoparticles. However, the precise nature of this emission has remained unclear. In the following, we wish to elucidate this point in more detail.
The linear power dependence shown in Fig. 5 indicates that the electron emission does not originate from twophoton photoemission nor higher-order multiphoton processes 30 but must be due to a one-photon process. Furthermore, since the laser wavelength lies in the particleplasmon band, the incident photons will excite particle plasmons ͑i.e., collective oscillations of the conduction electrons in the silver nanoparticles͒ rather than individual electron transitions. It is well known that particle plasmons decay into other electron excitations on a time scale of a few tens of femtoseconds. 10, 28, 30, 31 In Ag nanoparticles these excitations occur predominantly within the conduction band, since the particle-plasmon resonance is far below the 4d-5sp interband absorption edge of silver at 3.87 eV. 32 The energy of these excitations is sufficient to promote electrons across the boundary between Ag and TiO 2 provided that the potential barrier between the two materials is low enough. The height of the Schottky barrier 33, 34 between Ag and TiO 2 may be estimated using the fact that TiO 2 shows little Fermi-level pinning. 35 For anatase TiO 2 films an electron affinity of 3.9 eV has been calculated from transport experiments. 35 Subtracting this value from the silver work function ͑4.3 eV, Ref. 36͒, we obtain a Schottky barrier height of 0.4 eV with respect to the Fermi energy in the metal. This barrier height is low enough for electrons to be promoted from the Fermi sea of silver into the conduction band of the TiO 2 . This emission process results in a depletion of conduction electrons and thus a positive charging of the nanoparticles. According to simple electrostatics, the remaining conduction electrons will rearrange themselves such that a positively charged layer forms in the nanoparticles at the Ag-TiO 2 boundary. It is plausible that this layer will consist of Ag + ions; indeed, the presence of Ag + ions has been observed in recent x-ray photoelectron spectroscopy measurements on Ag/ TiO 2 nanocomposites. 25 While the transformation of metallic Ag to Ag + has been suggested by Ohko et al. 8 to be the cause of the absorption change observed within the particle-plasmon band, the precise mechanism of this change is not entirely clear. It may be caused by a reduction of the particleplasmon oscillator strength due to the shrinkage of the metallic Ag core and/or by a redshift of the particle-plasmon resonance frequency due to the reduced conduction electron density, as suggested by Kreibig et al. 29 and by Hilger for the case of electron transfer from Ag nanoparticles to C 60 acceptors. 37 In either case, the saturated behavior at large laser power densities in Fig. 5 indicates that the electron depletion resulting from intense or prolonged irradiation ultimately limits the electron emission from the nanoparticles. This limitation may be caused by a change in the potential barrier caused by the growth of the Ag + layer. The spectral hole burned into the inhomogeneously broadened particle-plasmon band persists for some hours up to several days after the laser irradiation has been removed. This implies that the electrons transferred from the nanoparticles to the conduction band of TiO 2 are not immediately recaptured by the positively charged particles but are trapped by some trapping centers in the TiO 2 . It is known from studies on semiconducting gas sensors that adsorbed molecular oxygen can act as an efficient trapping center for electrons in the conduction band of semiconductors. 38, 39 It is therefore likely that the trapping centers involved in the present process consist of molecular oxygen adsorbed at the surface of the thin TiO 2 film in the vicinity of the nanoparticles, resulting in the formation of O 2 − . This assumption is supported by the observation made in Ref. 8 that the spectral hole burning process strongly depends on the atmospheric environment. No spectral hole burning was observed under N 2 atmosphere. 8 This finding can be explained with the absence of adsorbed oxygen acting as trapping centers; the emitted electrons are thus immediately recaptured by the positively charged nanoparticles during the laser irradiation. In contrast, in the presence of atmospheric oxygen, enough adsorbed oxygen is available for electron trapping. The recapture process then takes very long, since thermal release of electrons from the trapping centers to the TiO 2 conduction band will be slow at room temperature. The thermal release is expected to be accelerated at elevated temperatures; this expectation is confirmed by our observation that the recovery of the particle-plasmon band is faster at 100°C than at 70°C. Assuming that the recovery is solely limited by thermal activation of carriers from the traps to the TiO 2 conduction band rather than by transport to the, and capture into, the nanoparticles, the difference in recovery rates at the two temperatures allows us to make a rough estimate of the trap depth ͑with respect to the conduction-band edge͒, yielding Ϸ0.2 eV. This estimate is in reasonable agreement with the depth of surface trap states recently determined for polycrystalline TiO 2 films ͑0.185 eV͒. 40 We have observed that the removal of the spectral hole can be accelerated by irradiation with an ultraviolet light of 3.4-eV photon energy. A similar observation has been made by Ohko et al. 8 We explain this acceleration as follows: Since the photon energy of the ultraviolet light ͑3.4 eV͒ is greater than the band-gap energy of TiO 2 ͑3.2 eV͒, electronhole pairs are optically excited in the TiO 2 matrix. The electrons photogenerated by the ultraviolet irradiation are attracted towards the positively charged nanoparticles and captured by them. The nanoparticles are thus discharged and the particle-plasmon line is restored. Presumably the photogenerated holes will eventually recombine with the electrons that are thermally released from the oxygen trapping centers. Figure 6 demonstrates the cyclability of the photochromic process. A spectral hole was first burned by irradiation with a red light ͑ = 633 nm͒ for 1 h. After UV irradiation ͑ = 365 nm͒, the absorption is practically restored to its original value. This photochromic cycle can be repeated by alternating irradiation at 633-and 365-nm wavelengths. The cyclability of the photochromic process in our sputterdeposited Ag-TiO 2 films is thus similar to that recently demonstrated for sol-gel-processed Ag-TiO 2 films.
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CONCLUSION
We have presented a method for preparing photochromic Ag nanoparticles in a TiO 2 matrix using dc magnetron sputtering followed by thermal treatment. We have demonstrated that the particle-plasmon line of the Ag nanoparticles can be controlled by varying the amount of Ag present in the Ag-TiO 2 system and the annealing temperature. By irradiating the system with blue-green, green, or red laser light, spectral hole burning has been achieved. We explain the photochromic process by electron emission into the TiO 2 conduction band from those Ag nanoparticles whose particleplasmon resonance wavelength matches the laser wavelength. The electrons are subsequently trapped by adsorbed oxygen near the Ag nanoparticles. A gradual recovery of the particle-plasmon band is observed after irradiation, which is explained with a slow thermal release of electrons from the trapping centers and subsequent capture into the nanoparticles. The recovery can be accelerated by ultraviolet irradiation; the explanation for this observation is that electrons photoexcited in the TiO 2 are captured into the nanoparticles and thus restore the absorption band. FIG. 6 . The absorptance at 633 nm is recorded for a Ag-TiO 2 film irradiated with red laser light during two photochromic cycles. The repeatable effect of spectral hole burning by laser irradiation and its reversal by ultraviolet irradiation is clearly visible.
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